The magnetic molecule-based structures are promising candidates of building blocks for future quantum information, data storage, and miniaturized spintronic devices. [1] [2] [3] [4] [5] [6] The first two steps toward ultimate applications are to build a magnetic molecular structure and then to probe its magnetism. [7] [8] [9] [10] [11] A scanning tunneling microscope (STM) together with scanning tunneling spectroscopy (STS) has been shown to be a powerful tool for constructing novel artificial atomic and molecular structures [12] [13] [14] [15] [16] as well as probing magnetism by Kondo resonance measurements 7, [17] [18] [19] [20] and spin-flip spectroscopy. 21 There have been several examples showing how to bottom-up construct new atomic structures from individual magnetic atoms one by one and measure their magnetic properties. 18, [22] [23] [24] To artificially design and construct the magnetic molecular structures with intra-and inter-structure spin coupling is all the way desired, as has been shown in various synthetic systems. [25] [26] [27] Alternatively, the STM atom/molecule manipulation can be used as an effective method to construct new metal-molecule hybrid structures and to engineer the magnetism. 28 To achieve this goal, a facile approach is to bond a given molecule to individual magnetic atoms one by one with STM manipulation, and then probe their magnetism by STS. In this study, we show that picene (Pc), a planar polycyclic aromatic hydrocarbon molecule, can be manipulated to accommodate multiple magnetic Co atoms and form stable magnetic hybrid Co x Pc structures, x ¼ 1, 2, and 3. Different from the previous reports of magnetic molecular complexes, 29, 30 the Co x Pc are highly stable during manipulation, and the magnetic properties are robust as well. By monitoring the evolution of the Kondo effect of the structures, we find that the magnetic properties of the hybrid structures can be tailored by controlling the number of doping atoms.
The experiments were carried out with a low-temperature STM (Omicron GmbH) operated at 5 K in ultrahigh vacuum with a base pressure of 3 Â 10 À11 mbar. A single crystal Au(111) was used as substrate. Pc molecules and Co atoms were deposited with the same method in Ref. 31 . The firstprinciples calculations were performed based on the density functional theory (DFT) in the generalized gradient approximation (GGA) implemented with the Vienna ab initio simulation package (VASP), as described in Ref. 31 . Pc has five benzene rings in a zigzag arrangement that may allow multiple stable adsorption sites for foreign metal atoms.
32 Fig. 1 (a) shows a typical STM image of the single Pc molecules adsorbed on Au(111). The Pc molecules are asymmetric beanshaped protrusions in the STM image. A high-resolution STM image of a Pc molecule resembles a "W" shape with five lobes corresponding to the five carbon rings of the molecule ( Fig. 1(b) ). The STM images of Pc molecules on Au(111) at low coverage are similar to those of Pc on Ag(111) surface reported by Yoshida et al. 33 The dI/dV spectrum shows a wide gap near the Fermi level (E F ) and two shoulders at þ2.3 V and À1.8 V (Fig. 1(c) ). It is worth to note that the spectrum near E F is really flat and featureless (inset of Fig. 1(c) ).
To construct hybrid Co x Pc structures, Pc molecules were laterally manipulated to pick up multiple cobalt atoms. In Fig. 2 , we illustrate an example of creating a Co x Pc structure and track the evolution of the corresponding tunneling spectra at each step. The monodispersed Co atoms appear as round protrusions. The dI/dV spectra obtained at the magnetic Co atoms show asymmetric dip-like Kondo resonance feature (bright green, pink, and blue curves in Fig. 2(f) ), in agreement with previous reports. 17, 34 The resonances in these spectra can be fitted by the Fano function, 7, 17 dI dV ðVÞ / ðqþeÞ 2 1þe 2 , where e ¼ eVÀE K C K =2 is the energy parameter as a function of resonance energy and width, C K ¼ 2k B T K is the width of the resonance, k B is the Boltzmann constant, T K is the Kondo temperature, q is the shape factor, e is the elementary charge, and E K is the energy shift of the Fano resonance with respect to E F . The representative fitting curves are also shown in Fig. 2 (Fig. 2(b) ). Interestingly, in all instances of CoPc structures created by us, the first Co atom is always attached to one end of the Pc molecule. The appearance of CoPc remains unchanged during further manipulation without detaching the Co atom, indicating a strong bonding between the Co atom and Pc molecule. Co 2 Pc can also be created in the same manner by moving the CoPc over a second Co atom (Figs. 2(b) and 2(c)). More interestingly, the second Co atom is shown to be symmetrically attached to the other side of the Pc molecule against the first Co atom, further confirming that the ending benzene rings are stable bonding sites for Co.
Based on the previous reports of inducing magnetism in hybrid structures via magnetic atom doping, 29, 30 one would expect that the newly created structures of CoPc and Co 2 Pc are magnetic by bonding with Co atoms. The dI/dV spectra obtained on the possible doping sites of Co in both CoPc and Co 2 Pc truly show pronounced zero-bias resonant peaks (Figs. 2(f) and 2(g)). These peaks can be attributed to the Kondo effect with Fano lineshape, in analog to the case of Kondo resonance in molecular Kondo systems. 7, 30, 31 Fitting the dI/dV spectra of different CoPc structures constructed with different tips to the Fano function gives the average values C K ¼ 18 6 2 meV, q ¼ 33 6 3, and E K ¼ 3 6 1 meV. It is noted that the width C K of CoPc corresponds to a T K of about 100 K, which is larger than that of Co atom on bare Au(111). The increase in q factor from 0.2 for the Co atom to 33 for CoPc corresponds to the change in Fano lineshape from the dip-like resonance feature to the peak-like one, which may be ascribed to the enhanced coupling of the STM tip to the Co atom in the case of CoPc due to new coupling channel via the orbital hybridizations between the Co d orbitals and the Pc molecular orbitals, similar to previous studies on the metal-molecule complex. 28, 30, 35 More interestingly, we note that the lineshape of the dI/dV spectra measured at both Co sites of Co 2 Pc in Fig. 2(g ) is similar to that in CoPc and can be fitted by Fano function with the same C K and q parameters, indicating that the magnetic coupling between the two magnetic centers in Co 2 Pc is negligible. We will show later that this speculation is further confirmed by theoretical calculations.
The situation dramatically changes in Co 3 Pc when a third Co atom is introduced into Co 2 Pc, as shown in Fig.  2(d) . The corresponding dI/dV spectra measured on the different sites of Co 3 Pc are shown in Fig. 2(h) . There are broad peak-like resonances located at E F in the dI/dV spectra; however, the appearances and widths largely differed from those observed on CoPc and Co 2 Pc. The hybrid structure of Co 3 Pc can also be manipulated with the STM tip and it remains intact. In Fig. 2(e) , we moved the Co 3 Pc in order to eliminate the influence of an adjacent Co atom. The dI/dV spectra measured after manipulation show a little change (Fig. 2(i) ), indicating a robust magnetic behavior with weak relevance to the adjacent Co atom and substrate. In order to inspect the stability of the tip during manipulation, we show the dI/dV spectra taken on the same Co atom (marked as "4" in Fig. 2 ) before and after the manipulation. The reproducible spectra with identical line shape and fitting parameters to Fano function (the red curves overlaid on the cyan spectra in Figs. 2(f) and 2(i)) indicate that the condition of the STM tip remained unchanged during the experiment. By taking a close look at the spectra measured on Co 3 Pc (Figs. 2(h) and 2(i)), we found that all these spectra measured at the three Co sites cannot be well fitted by a single Fano function or a single Lorentzian function, indicating a multiple peak nature of the broad resonances. Moreover, we also noticed a slight dependence of the line shape on the tip position. The spectra measured on the center Co atom show a small peak located at E F and two side shoulders at around 620 meV, while the spectra measured on the side Co atoms show a broadened peak at E F with less pronounced side shoulders. As we have known that varied spin coupling may lead to changes of the Kondo resonances in the spectra, 18, 27, 29 the discrepancies between the spectra near E F measured on Co 3 Pc and CoPc/ Co 2 Pc may suggest a varied magnetic behavior in Co 3 Pc.
In order to get a better understanding of the measured spectra and the magnetic properties of the artificially constructed Co x Pc structures (x ¼ 1, 2, and 3), we perform theoretical calculations based on the DFT method. The optimized structures of CoPc, Co 2 Pc, and Co 3 Pc on Au(111) surface are shown in Fig. 3 . The bonding sites of Co sitting at the center of a benzene ring agree well with the experimental STM image and are consistent with that in a related system. 30 The Co-Pc interaction is mainly dominated by the orbital hybridizations between multiple 3d orbitals of Co atom and p z -derived p-conjugated molecular orbitals of the Pc molecule near the E F in terms of wavefunction symmetries' matching principle. 31 These orbital hybridizations also bring electron transfers from the Co atom to both the Pc molecule and Au substrate according to the theoretical charge analysis. The calculated energy states and the corresponding magnetic moments of Co atoms in all Co x Pc structures are listed in Table I Table I and Fig. 4(a) . The AFM 1 state is doubly degenerated. In the AFM 1 state, the two side Co atoms are in antiferromagnetic and ferromagnetic coupling with the center Co atom, while in AFM 2 , both of the two side Co atoms are antiferromagnetically coupled to the center Co atom. The energy difference (DE 1 ) between the first excited AFM 1 state and ground FM state for Co 3 Pc is as large as 9.7 meV, indicating strong magnetic couplings among the three Co atoms.
The interpretation of the dI/dV spectra of such a threeimpurity Kondo system is not straightforward. Differed from previously reported atomic trimers, 18, 36 the Co atoms in Co 3 Pc are ferromagnetically coupled according to our theoretical calculations. This will result in a ferromagnetic ground state with a large total magnetic moment. The presence of a zero-bias anomaly in Co 3 Pc indicates that the Kondo effect is preserved, but the associated side shoulder features suggest that new tunneling channels are activated. The side shoulders or peaks appearing in electron transport through multiple magnetic centers may originate from vibrational 9,37-39 or magnetic 9, [40] [41] [42] excitations. Here, the absence of such side features in CoPc and Co 2 Pc suggests that the side shoulders in dI/dV spectra of Co 3 Pc are unlikely to be vibrational excitations. Therefore, the possibility of magnetic excitations associated with a preserved Kondo resonance is considered to be responsible for the observed broad resonance. Within this scenario, we found that the spectra obtained at Co 3 Pc can indeed be well fitted by three Lorentz peaks, one at E F and the other two sitting at same energy below and above E F . In Figs. 4(b) and 4(c), we show such fitting using theoretical calculated parameters of DE 1 ¼ 9.7 meV and DE 2 ¼ 20.1 meV to the spectra obtained on side Co atom #1 and center Co atom #2, respectively. The parameters of DE 1 and DE 2 for Co 3 Pc correspond to the energies for transitions between the FM ground state and AFM excited states (AFM 1 and AFM 2 ). The spectra can be well fitted under these assumptions, the best fitting gives a resonance width C K of 20 meV and 15 meV, C sf of 57 meV and 59 meV for side Co atom #1 and center Co atom #2, respectively, where C K is the width of the Kondo resonance and C sf is the width of magnetic excitation (via spin flip of the atoms). Measurements taken on different Co 3 Pc with different tips yield the average values C K ¼ 18 6 4 meV and C sf ¼ 58 6 5 meV. C K are reasonably on the same order of that in CoPc/Co 2 Pc and other reported molecular Kondo systems, 7, [43] [44] [45] [46] while C sf are much larger than reported surface magnetic systems. 9 It has been shown that the width of magnetic excitations is inversely related to the decoherence time of the excitation processes. 9, 47 Therefore, larger width observed here corresponds to the faster decoherence rate, which may result from the stronger hybridization between the states of Co 3 Pc and those of the Au(111) substrate because the Co atoms are in direct contact with the metal surface. 47, 48 The spin density plot in Fig. 4(d) shows that there also exist the spin density distribution around the Pc molecule and at the surface of the Au atoms near the Co atoms, suggesting that the Co-Co magnetic interaction has two channels: one is via the Pc molecular backbone, and the other is via the Au substrate. The former is a general indirect exchange interaction, 49, 50 but no explicit and simple rule can be employed to evaluate the Co-Co distance dependence of this indirect exchange interaction because multiple Co 3d orbitals and Pc molecular orbitals are involved in it. In fact, previous studies showed that different systems presented different decaying behaviors of the distance-dependence of the indirect exchange interaction at a low dimensional or molecular scale. 27, [51] [52] [53] It is noted that in the case of Co 2 Pc, the spin density distribution around the Pc molecule is localized only at two Co sides of the molecule (Fig. 4(d) ), and one may expect a much weaker indirect exchange interaction via the Pc molecule between the Co atoms than that in the case of Co 3 Pc. The latter is the wellknown Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, which is oscillating and quickly decays with the distance between the impurity atoms, and in the case of Co 2 Pc which presents negligible magnetic coupling, the Co-Co distance of $8.52 Å is indeed far beyond a strong magnetic coupling regime of RKKY interaction. 18 However, for the hybrid Co 3 Pc structure, the Co-Co distance is $4.26 Å , and the Co-Co magnetic coupling through the channel of RKKY interaction is expected to be greatly enhanced. Our first-principle calculations based on DFT (Fig. 4(d) ) indeed indicate that the change in Co-Co magnetic coupling in Co 3 Pc should be a joint effect contributed by both the enhanced RKKY interaction via the Au substrate and the indirect exchange interaction via the Pc backbone.
In summary, by using STM, we show that planar polycyclic aromatic Pc molecules can be manipulated with singleatomic precision to accommodate multiple magnetic Co atoms and form stable molecular hybrid Co x Pc structures, x ¼ 1 to 3. By monitoring the evolution of the tunneling spectra, we find that the magnetic properties of the structures can be tailored by controlling the number of doping atoms. The Kondo resonances observed in CoPc and Co 2 Pc are identical, indicating negligible spin coupling between the two magnetic centers in Co 2 Pc. However, the spectra measured on Co 3 Pc show a broader resonance near E F consisting of a Kondo resonance and two side shoulders, suggesting strong spin coupling between the magnetic Co atoms in Co 3 Pc which is confirmed by first-principles calculations. The ability of constructing such magnetic hybrid structures with variable spin coupling may provide new insight for scalable molecule-based spintronics. Fig. 4(a) . 
